Abstract: Downy mildew of sunflower (Helianthus annuus L.), caused by the pathogen Plasmopara halstedii, is a potentially devastating disease. Seventy-seven isolates of P. halstedii collected in twelve countries from four continents were investigated for RAPD polymorphism with 21 primers. The study led to a binary matrix, which was subjected to various complementary analyses. This is the first report on the international genetic diversity of the pathogen. Similarity indices ranged from 89% to 100%. Neither a consensus unweighted pair group method with arithmetic means (UPGMA) tree constructed after bootstrap resampling of markers nor a principal component analysis based on distance matrix revealed very consistent clusterings of the isolates, and groups did not fit race or geographical origins. Phylogenies were probably obscured by limited diversity. Analysis of molecular variance (AMOVA) and Nei's genetic diversity statistics gave similar conclusions. Most of the genetic diversity was attributable to individual differences. The most differentiated races also had the lowest within-diversity indices, which suggest that they appeared recently with strong bottleneck effects. Our analyses suggest that this pathogen is probably homothallic or has an asexual mode of reproduction and that gene flow among countries can occur through commercial exchanges. Knowledge of the downy mildew populations' structure at the international level will help to devise strategies for controlling this potentially devastating disease.
Introduction
The obligate parasite Plasmopara halstedii, an Oomycete, causes downy mildew in sunflower (Helianthus annuus L.). This disease is found in most parts of the world where sunflowers are grown and can cause severe crop losses (Gulya et al. 1991) . So far, it is only absent from Australia.
This parasite, like sunflower, is thought to originate from North America (Leppik 1962 ). It was first described in Indiana, Iowa, and Minnesota in the early 1920s (Nishimura 1922; Young and Morris 1927) . Since then, P. halstedii has been found throughout the entire American continent. As one of the largest producers of sunflower seed and oil, Argentina first noticed the presence of the pathogen in 1959 (Sackston 1981) . However, in this country, the climatic conditions are not favorable for pathogen development.
From North America, sunflowers were introduced into Europe and were extensively developed by Russia, which as early as 1915 had started to improve the plant for higher seed oil content. In the 1920s, oil content was about 28%, but by 1935 Russian varieties reached an oil content of 43%-50% and were reintroduced into western Europe. Today, information about the importance of the disease in the Former Soviet Republics is lacking. Mildew epidemics have been regularly observed in Bulgaria, Romania, Moldavia, and Hungary (Novotel'Nova 1966; Sackston 1981; Viranyi and Masirevic 1991) .
In the Mediterranean and western parts of the European continent, mildew epidemics have also been regularly observed. The use of resistant varieties has limited the extent of attacks; however, more virulent strains developing on commercial sunflower varieties have been regularly detected (Roeckel-Drevet et al. 1997; Tourvieille de Labrouhe et al. 2000b ). In addition, the treatment of seeds by the fungicide Apron ® for over a decade led to the appearance of fungicideresistant strains (Albourie et al. 1998 ).
Very few scientific publications refer to the occurrence of P. halstedii in Asia. However, Hua Zhipu and Ma Guilong (1996) related the percentages of infections in Chinese fields ranging from 5% to 80%. Zad and Rahmanpour (1997) reported seed yield decreases up to 39% in some regions of Iran.
The economic impact of P. halstedii has been important in South Africa since 1992 (Viljoen et al. 1997 ) and in Morocco, which now uses fungicide-treated seeds (Achbani et al. 1998) .
Different physiological races have been described according to their reaction on various sunflower lines. An international nomenclature based on a series of well-defined host plants is starting to be used, which should make it possible to establish the presence of the same races in different continents and to define the specific race in each country (Gulya et al. 1998; Tourvieille de Labrouhe et al. 2000a) . Previously, we analyzed the molecular variability among French races. Systematic collections of isolates were made to achieve this goal (Roeckel-Drevet et al. 1997) . In the present study, international collaboration allowed us to carry out the same type of analysis on isolates from four continents. The difficulty was that most isolates were sent in ethanol solution to avoid the risk of introducing a new race into France, and thus for a few isolates, race identification was not clear. Nevertheless, this study presents the molecular variability within P. halstedii throughout the world and provides insight into the fundamental genetic evolution of this parasite.
Materials and methods

P. halstedii isolates
Isolates obtained from natural infections were collected in 12 countries throughout four continents. Table 1 provides the geographical origin, race when determined, and identification label of these strains. Since we had previously reported the lack of molecular variability within the five French races (100, 300, 700, 703, and 710), we randomly chose one isolate of each physiological race for diagram presentations. In other analyses, we used five isolates for each French race. Thus, depending on the analyses, we used a total of 57 or 77 isolates. Race 100 isolates were maintained on Helianthus annuus 'Peredovik', a cultivar susceptible to P. halstedii, while isolates of races 300, 700, 703, and 710 were maintained on sunflower lines RHA266, RHA274, QHP1, and PMI13 (United States Department of Agriculture (USDA) and Institut national de la recherche agronomique (INRA) lines), respectively. Spores were collected and stored at -20°C until DNA extraction, which was performed within 1 month. The isolates from other countries were received in ethanol solution.
Race identification and spore production
The usual primary infection method for resistance tests followed the procedure described by Mouzeyar et al. (1993) . Spore harvesting and observation were made 15 days postinfection, after the plants had been maintained for 48 h in a saturated atmosphere. Genotypes showing no sporulation or only light sporulation on the cotyledons and none on the true leaves were considered resistant. The physiological race was determined according to the international nomenclature, which has recently been proposed by Tourvieille de Labrouhe et al. (2000a) . Spores were vacuumed from sporulations on cotyledons of sensitive sunflower genotypes and were kept at -80°C until DNA extraction.
DNA extraction and RAPD procedure
Samples in ethanol solution were centrifuged 1 min at 10 000g to remove ethanol. DNA was extracted from spores, according to Rogers and Bendich (1985) , and stored in 0.1× TE (10 mM Tris-HCl (pH 8) plus 0.1 mM EDTA). For RAPD analysis, a total of set of 21 10-mer primer (Operon Technologies, Alameda, Calif.) races had been selected from an initial screening (Roeckel-Drevet et al. 1997) . Each 25-µL reaction volume contained 30 ng template DNA, 200 µM deoxynucleoside triphosphates (Pharmacia, Saint Quentin, France), 0.2 µM primer, 50 mM KCl, 10 mM Tris (pH 9), 1.5 mM MgCl 2 , Triton X-100 0.1%, gelatin 0.2%, and 1.5 U Taq DNA polymerase (Appligene, Illkirch, France). Amplification was performed in a 9600 Perkin Elmer Cetus thermal cycler (1 cycle at 91°C for 5 min; 40 cycles at 91°C for 1 min, at 36°C for 1 min, and at 72°C for 2 min; and 1 cycle at 72°C for 5 min). Electrophoresis and visualization of PCR products were conducted according to Mouzeyar et al. (1995) . Experiments were carried out in triplicate.
Data analyses
RAPD markers were scored as presence (1) or absence (0) of a band, and the data obtained were used in a rectangular matrix, which was analyzed by various complementary means.
Pairwise distances were computed with the coefficient of Nei and Li (1979) , using S-PLUS programs (Statistical Sciences, S-PLUS version 3.4, StatSci, Seattle, Wash., a division of Mathsoft Inc., Becker et al. 1988 ). The distance matrix was subjected to principal component analysis with UNIWIN Plus version 2, distributed by UNIWARE (Paris, France).
Genetic distance calculated as a Euclidian metric distance was computed among all pairs of isolates. The Euclidian metric distance was evaluated as the number of different alleles between two RAPD haplotypes; each polymorphic RAPD band being considered as a locus with two alleles and scored as the presence or absence of the amplified fragment. Then, this metric distance matrix was subjected to analyses of molecular variance (AMOVA) (Escoffier et al. 1992) . AMOVA were performed to partition the variation among individuals within populations and among populations. The resulting test statistics, M statistics, are analogous to Wright's (1951 Wright's ( , 1965 statistics. The significance levels for variance components and Φ statistics estimates were computed by nonparametric permutational procedures. The analyses were undertaken with the WINAMOVA program provided by L. Escoffier (Department of Anthropology and Ecology, University of Geneva, Geneva, Switzerland). Nei's (1973) genetic diversity indexes were calculated, assuming that each RAPD band corresponded to a biallelic locus and that all individuals were homozygous. Using S-PLUS, the total gene diversity (Ht) and the intrapopulation (Hs) differences were measured. The genetic differentiation among populations within the complete population, Gst, was calculated as Gst = (Ht-Hs)/Ht. In addition, Gst was calculated for all population pairs with both polymorphic and monomorphic loci. With the matrix obtained, a minimum spanning tree was constructed. Calculations were carried out with S-PLUS software (Becker et al. 1988) .
The (0-1) absence-presence data matrix was subjected to 100 bootstrap resamplings of markers, and from these data, 100 distance matrices were calculated with the Nei and Li (1979) similarity coefficient, using the S-PLUS computer program. A consensus tree was drawn using the unweighted pair group method with arithmetic average (UPGMA) procedure of the PHYLIP software (J. Felsentein, Department of Genetics, University of Washington, Seattle, Wash.).
Results
The 21 primers selected generated a total of 110 bands, which represents an average frequency of 5.5 bands per primer. Six primers produced monomorphic profiles across all 77 isolates. The remaining 15 primers produced between 1 and 12 polymorphic bands. Fifty-two of the total 110 bands produced were polymorphic.
The Nei and Li (1979) similarity coefficients calculated from this matrix were underestimated, since most primers selected for this study had shown polymorphism among the French races. Nevertheless, the percentages of similarity were extremely high, ranging from 89.3% to 100%.
Distance matrices generated by our RAPD data set were analyzed by UPGMA clustering. To perform this analysis, we conserved only one isolate representative of each French race, since no polymorphism had been observed within the French races (Roeckel-Drevet et al. 1997) . The consensus tree, constructed after bootstrap resampling of markers, enabled us to evaluate the robustness of each node of this tree. The bootstrap values were lower than 50 for 85% of the nodes. This consensus tree showed few clusters (Fig. 1) . The main cluster was identified among the isolates from race 100. Most isolates from race 100 were found in this group. We also noted that three out of the four isolates collected in China were found in another group with two isolates from Argentina and that most Serbian isolates from race 730 were also close to each other. Another cluster of isolates from race 730 was shown, grouping isolates from Canada, U.S.A., and Hungary.
Principal coordinate analysis based on the Nei and Li distance matrix was used to visualize the genetic relationships among the isolates from different geographic origins (Fig. 2) . Once again, only one isolate per French race was conserved for this analysis. First and second principal components accounted for 61% of the inertia. We found that isolates from race 100 could be separated from the others, confirming the results observed after UPGMA analysis.
Euclidian distances were calculated among the 77 isolates (five isolates were used to represent each French race), and AMOVA software was used to evaluate the genetic variation of P. halstedii among groups, among populations within groups, and among individuals within populations. The two analyses, which differed according to the types of groups tested, were performed.
When the isolates were grouped by continents and the populations were represented by isolates from the same country, we found that 0.6% of the total genetic diversity was attributable to divergence among groups, 21% to population differentiation within groups, and 79% to individual differences (Table 2 ). This analysis did not show significant differences among groups.
The same type of analysis was performed with two groups: isolates from race 100 versus the other isolates (Table 3). Here the populations were represented by isolates from the same races, when determined. We chose to separate the isolates of undetermined race into two populations: the Chinese isolates for the first one and the European isolates for the second one. We showed that a smaller part of the total variation was within populations (54%), while the group differentiation was much higher (14%). The part of the variation coming from differentiation among populations within groups was 33%. The populations, i.e., the races, were significantly differentiated (P < 0.01).
The total genetic diversity, Ht, was 0.201 (Table 4) . The other Nei statistics were calculated by grouping P. halstedii isolates based on country or race (see previous analysis). We found that the differentiation among countries was lower than that calculated among races (Table 4) . When isolates were grouped according to country, we found that the Serbian population presented the greatest within-population genetic diversity (Hs = 0.170 Table 5 shows the Gst values among all pairs of countries. The highest Gst values were obtained with Bulgaria; however, this result is probably not significant, since we had only one isolate from this country. The other high Gst values were found between China and Iran (0.701) and between Iran and Spain (0.661), while the lowest values were found between Hungary and U.S.A. (0.06) and between South Africa and France. The minimum spanning tree was calculated from the Gst matrix and shows the Gst values for North American countries are close to those of France, Hungary, and Serbia (Fig. 3) .
Genetic differentiation was calculated among races (Table 6). Once again the highest Gst value was found in the population represented by one isolate only (race 330), which is probably not significant. The other high Gst values were obtained between races 770 and 710 and between race 710 and the Chinese isolates. The minimum spanning tree showed that races 300, 700, and 730 were close (Fig. 4) .
Discussion
RAPD markers were used to characterize P. halstedii populations from Africa, North and South America, Asia, and Europe. It has been observed that the pathogenic diversity within this species seems to be increasing worldwide (Viranyi and Gulya 1996) , leading to the necessity to find efficient methods of pathotype characterization (RoeckelDrevet et al. 1999) and to survey the evolution of downy mildew.
Using RAPD molecular markers enabled us to compare our data with the results obtained in a previous study that we performed on French P. halstedii isolates (Roeckel-Drevet et al. 1997) . In the present work we used selected RAPD markers that had shown polymorphism among French isolates.
RAPD markers revealed little variability among sunflower downy mildew races and isolates. Only 52 out of the 110 bands treated were polymorphic, and the lowest percentage of similarity (Nei and Li coefficient) was 89%. This latter value is in the same range as that previously observed among French isolates (Roeckel-Drevet et al. 1997) . These results appear to confirm that the different populations of P. halstedii found throughout the world are derived from the Note: Ht, Hs, and Gst represent the total genetic diversity, the diversity found within populations, and the differentiation among populations within the whole population, respectively. *The groups were formed by isolates from the same continent, the populations by the countries. Fig. 3 . Principal component analysis of the pairwise genetic differentiation among populations within the complete population, Gst, matrix (see Table 5 ) and minimum spanning tree among the 12 countries used as a grouping factor.
Race 100
Race 300
Race 700
Race 730 Table 6 . Genetic differentiation among populations within the whole population (Gst) calculated among all pairs of Plasmopara halstedii populations represented by 77 isolates.
be responsible for races moving around the world. Figure 3 could reflect the intensity of commercial exchanges among countries. The main exchanges may have occurred within the group represented by U.S.A., Canada, Argentina, Serbia, Hungary, and France. However, we have no explanation concerning the closeness between China and Spain (Table 5). The poor overall genetic diversity observed within a race or within a country (Table 4) can be explained by the founder effect due to the introduction of small populations via seed stocks. Finally, the same pathotypes are observed in different parts of the world (Table 1) , supporting the idea of propagation of the disease via seed importations. However, we cannot exclude the possibility that convergent pathotype evolution can occur from genetically distinct ancestors and that virulence changes may be more common when certain resistance genes are encountered in the field. Such a hypothesis was put forward by Talbot (1998) , discussing the genetic variability in the rice blast fungus Magnaporthe grisea. Alternatively, the limited variability of P. halstedii could also be consistent with populations that have not undergone outcrossing reproduction or that propagate without sexual reproduction. The mating system of the pathogen is indeed not well-known. According to Hamrick and Godt (1989) , for self-pollinated plant species, the average values of Ht and Gst are 0.334 and 0.510, respectively, whereas for outcrossing species, the Gst value is much lower and the Ht value higher. Although P. halstedii is an Oomycete, we obtained data that were in the same range of the values observed for self-pollinated species (Table 4) , thus bringing indirect support for the homothallic hypothesis. In addition our Nei's genetic diversity estimates can be compared with the values reported by Brygoo et al. (1998) for fungal populations showing different modes of reproduction, i.e., sexual (S), asexual (A), asexual with recombination (A/S), and sexual with asexual drift (S/A). This comparison shows that the P. halstedii Nei index is close to that of fungal populations with an asexual mode of reproduction (A or possibly A/S). Our results are in agreement with the studies conducted by Spring (2000) , documenting the homothallic sexual reproduction in P. halstedii.
Bootstrap probabilities computed for all the nodes of the dendrogram measure the stability of molecular-markerdetermined relationships across samples. A high bootstrap probability gives strong statistical support to conclusions derived through phenetic analysis (Raina et al. 2001) . In the present study, the lack of robustness in trees is probably at least partially attributable to severely limited genetic differentiation. An identical suggestion was made by Iqbal et al. (2001) when studying the evolution of cotton Gossypium hirsutum.
Nevertheless, the consensus tree separated two large clusters that corresponded to race 100 isolates and the other isolates (Fig. 1) . The principal component analysis discriminates also the isolates of race 100 from the other isolates (Fig. 2) . In addition, the data shown in Fig. 4 gave us the impression that none of the "new races" were derived from race 100. These observations led us to hypothesize that race 100 was less able to mutate than other races. The explanation may reside in the genetics of the pathosystem: race 100 showing the lowest virulence but being very aggressive. The possible lack of a new race deriving from race 100 could suggest that the efficiency of the selective pressure of a resistant gene may vary according to local pathogen populations.
The subdivision of the isolates into two groups observed in the dendrogram and the principal component analysis did not reveal a biphyletic origin for the pathogen, as was suggested, for example, for Fusarium oxysporum isolates (Bentley and Bassam 1996) . We have analyzed the organization of the populations with different methods (AMOVA, Nei's statistics) and different ways of forming the populations, i.e., first by race type, when it had been determined, which implies that isolates from different geographic origins can be grouped into the same population, and second by geographic origin, the finest scale used being the country. These analyses did not confirm the existence of significant differences among groups, i.e., between race 100 isolates and the other isolates or among continents (Tables 2 and 3 ). The lack of correspondence between geographical and genetic distances was also observed in the Russian wheat aphid, following its introduction into the U.S.A. (Puterka et al. 1993) .
Most of the genetic diversity in P. halstedii was attributable to individual differences. In other words, within a country or within a race, the isolates are very diverse, and this genetic diversity represented 79% and 54% of the total genetic diversity, respectively (Tables 2 and 3) . Again, the importance of individuality relative to the other components of differentiation is consistent with the lack of strong clustering of the isolates, which can be the consequence of the nature of the plant pathosystem represented by the obligate biotroph P. halstedii and the sunflower host plant. The pattern of pathogen dispersal follows the geographic distribution of the host species and is limited by the use of resistance genes in the cultivars. It has been shown that many plant pathogens in agriculture are demographically unstable and that they may be best considered as colonizing species subjected to frequent local extinction and recolonization events (McDermott and McDonald 1993) . Alternatively, our results can be related to the observations by Brygoo et al. (1998) of clonal lineages of fungal species showing a low level of polymorphism, which was in general isolate specific, putting forward again the possibility of a preference of P. halstedii for asexual reproduction.
In conclusion, our international study confirmed the considerable molecular homogeneity previously observed among the French races. This high level of homogeneity could be explained by an asexual mode of reproduction in P. halstedii. Our study suggests that small samples and few molecular markers would be sufficient to survey the structure of such asexual populations. With this aim, molecular tools have been proposed by different authors (Roeckel-Drevet et al. 1999; Intelmann and Spring 2002) . This survey is essential, since new races are regularly observed, one example being race 710, which is only found in France and could be derived from the modification of old isolates of race 300. New races can be introduced from other countries, and these may be a source of variability that favours further local development of new races (by mutation or intercrossing, for example). Successful control of the disease demands a regular survey of P. halstedii populations and incorporation of resistance to as many races as possible in sunflower breeding programs.
